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Perfluorooctanoic Acid, Perfluorooctanesulfonate,
and Serum Lipids in Children and Adolescents

Results From the C8 Health Project

StephanIe). Fnsbee, MSc, MA; Anoop Shankar, MD, PhD; Sarah S. Knox, PhD; Kyle Steenland, PhD;
David A. Savitz, PhD; Tony Fletcher, PhD; Alan M. Ducatman, MD, MS

Background: Perfluorooctanoic acid (PFOA) and per
fluorcoctanesulfonate (PFOS) are man-made com
pounds with widespread presence in human sera. In pre
vious occupational and adult studies, PFOA and PFOS
were positively associated with serum lipid levels.

Obiective: To interrogate associations between PFOA
and PFOS and serum lipids in children and adolescents.

Design: Cross-sectional community-based study.

SeHing: Mid-Ohio River Valley.

Participants: A total of 12 476 children and adolescents
included in the C8 Health Project, which resulted from the
pretrial settlement of a class action lawsuit pursuant to PFOA
contamination of the drinking water supply.

Main Outcome Measures: Serum lipids (total, high
density lipoprotein [HDL-CI, and low-density lipopro
rem [LDL-C] cholesterol and fasting triglycerides).

Results: Mean (SD) serum PFOA and PFOS concentra
tions were 69.2(111.9) ng/ml.and 22.7(12.6) ng/ml., re-

spectively. In linear regression after adjustment for co
variables, PFOA was significantly associated with increased
total cholesterol and LDL-C, and PFOS was significantly
associated with increased total cholesterol, HDL-C, and
LDL-C. Using general linear model analysis of covari
ance, between the first and fifth quintiles of PFOA there
was a 4.6-mg/dL and a 3.8-mg/dL increase in the adjusted
mean levels of total cholesterol and LDL-C levels, respec
tively, and an 8.5-mg/dL and a 5.8-mg/dL increase in the
adjusted mean levels of total cholesterol and LDL-C re
spectively, between the first and fifth quintiles of PFOS.
Increases were 10 mg/dl, for some age- and sex-group strata.
Observed effects were nonlinear, with larger increases in
total cholesterol and LDL-C levels occurring at the lowest
range, particularly of PFOA.

Conclusion: Although the epiderniologic and cross
sectional natures of this study limit causal inferences, the
consistentlyobserved associations between increasing PFOA
and PFOS and elevated total cholesterol and LDL-C levels
warrant funher study.

Arch Pediatr Adolese Med.2010;164(9):860-869
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P
ERFLUOROOCTANOlC ACID

(PFOA) and perfluoroocrane
sulfonate (PFOS) are perfluo
roalkyl acids: man-made com
pounds used as emulsifiers

during the manufacture of Iluoropoly
mers, which are chemicals that give non
stick heat resistance to cook-wareor breath
able yet waterproofproperties to fabrics and
upholstery. Perfiuoroalkyl acids may also re
sult from the metabolism or breakdown of
fluorinated telorners. which are com
pounds used ascoatings for commercial food
packaging, factory treatments for fabrics and
carpets. and manufacturer pretreatment for
"stain-resistant" clothing.

Recent reviews of the scientific litera
ture'? regarding PFOA and PFOS ernpha
SIze their environmental persistence and
presence in a variety of marine and fresh
water species. Human serum samples across
myriad age groups and geographic areas are

known to contain perfluoroalkyl acids gen
erally and PFOA and PFOS specifically. Re
cent results from the National Health and
Nutrition Examination Survey":" reponed
detection of perfluoroalkyl acids in almost
all samples, with a US population median
for PFOA of 5.2 ng/mL and 3.9 ng/mL
(1999-2000 and 2003-2004), respectively.
Identified sources of human exposure to

PFOA and PFOS include drinking water,
dust, food packaging, breast milk, cord
blood, microwave popcorn, ambient air, and
occupational exposure,1.1>8 although the rela
tive contribution of each is unknown.

Animal studies have identified the liver
as a primary target organ for perfluoroal
kyl acid physiologic activity. Reported toxi
cological effects of exposure to PFOA and/or
PFOS include hepatomegaly, reduction in
serum tnglycerides and cholesterol in some
animal species, and alterations in coen
zyme A activity. These alterations in he-
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patic metabolism and function have been attributed to per
fluoroalkyl acid action as a peroxisome proliferator
activated receptor-o. (PPAR-a) agonist with subsequent
peroxisome proliferauon.t"

Compared with effects seen in animals, human stud
ies have reponed different associations between PFOA and
lipid levels. In occupationally exposed employees, PFOA
associations have included increased PFOA concentrations
and increased total cholesterol (total-C) but not triglyc
erides or other lipids"; increased total-C and low-density
lipoprotein cholesterol (LDL-C) but not high-density li
poprotein cholesterol (HDL-C)IO; increased total-C but not
triglycerides or HDL-C JJ;and increasedtriglycerides but
no association with total-C or LDL-C 12 A study of a com
munity cohort with known environmental PFOA contami
nation reported no association between PFOA and total
Cn A recent, much larger study of adults from the same
and adjacent environmentally exposed communities re
ported a robust, positive association between PFOA and
toral-C and LDL-C and a less clear association between
PFOA and triglycerides.!"

To our knowledge, no study has investigated potential
associations between perfluoroalkyl acids and lipids in chil
dren and adolescents. The importance of such studies is
3-fold. First, if such associations are etiologic, exposure pre
vention would become important to reduce the long-term
health consequences of elevations in known cardiovascu
lar disease risk factors. Second, studying potential health
consequences ofan environmental exposure in children and
adolescents may provide greater insight because these
groups likely have fewer factors confounding underlying
associations (eg, prevalent chronic or acute disease or medi
cauon use) compared with adults. Third, given possible dif
ferences in physiologic processes owing to developmental
changes in children and adolescents, toxic effects may be
different compared with those observed in adults. Thus,
the purpose of this study is to interrogate associations be
tween serum PFOA and PFOS and lipids in a large, com
munity-based sample of children and adolescents.

METHODS

STUDY METHODS AND PARTICIPANTS

The participants in this study were 12476 children and adoles
cents aged 1.0 to 17.9 years at their enrollment in the C8 Health
Project (hereafter referred to as the Project). The Project has been
more completely described elsewhere .15 Briefly, it resulted from
a pretrial settlement 01 the class action lawsuit Leachv E.l.du Pont
de Nemours c-r Co." filed in 2002 after PFOA from the DuPont
Washmgton Works facility near Parkersburg, West Virginia, was
found to have infiltrated several localdrinking water supplies along
the mid-Ohio RiverValley. Project eligibility criteria included the
ability to document consumption of contaminated drinking wa
ter (from 1 of 2 public water districts in West Virginiaor 4 in Ohio,
or from private water sources within the public water districts
I hal con rained 2:0.05 PFOA parts per billion) for at least I year
between 1950 and December 3,2004, at a primary residence, place
of employment, or school. Participants were enrolled durmg a
13-month period between August 1,2005, and August 31 ,2006.
Participation and enrollment included documentation of iden
tityand eligibility; a self-reported survey of demographics, per
sonal health history, and lifestyle habits; self-reported height and

weight; and voluntary submission of a blood sample. As we have
previously reported, approximately 60% 01 participants were resi
dents in an eligible water district at the time of their enrollment
in the Project, and an estimated 80% of people who resided in
the eligible water districts at the time of the Project enrolled as
participants.15 With 69 030 total participants (12476 children and
adolescents), to our knowledge the Project represents the larg
est community-based study to date investigating potential asso
ciations between PFOA exposure and human health effects.

BLOOD SAMPLE PROCESSING
AND LABORATORY METHODS

Children and adolescents voluntarily submitted blood samples
at a maximum of 26 mL. Samples were centrifuged, divided into
ahquots, and relngerated at commuruty-based data collection
sites until being shipped to laboratories for analysis.

Clinical laboratory tests were performed at an accredited clini
cal diagnostic laboratory (LabCorp Inc, Burlington, North Caro
lina). The lipid panel included total-C. HDL-C, LDL-C, and tri
glycerides. The LDL-C was calculated using the Friedewald
formula for participants with triglycerides lower than 400 mgldL
(to convert to millimoles per liter, multiply by 0.0113). Al
though fasting was not a requirement for phlebotomy, the time
of the last meal was reported.

The primary laboratory performing perfluorocarbon analysis
(Exygen Research Inc, State College, Pennsylvania) was also used
for an independent study of a smaller group of residents in 1 wa
ter district included in the Project. t7 Full perfluoroalkyl acid ana
lytic techniques and quality assurance protocols lor the Project have
been published elsewhere.15Briefly,the analyticprotocol was amodi
fication of a previously described protocol that used a protem pre
cipitation extraction togetherwith reverse-phase high-performance
liquid chromatography/tandem mass spectrometry.'" Spectromet
ric detection was performed using a triple quadrupole mass spec
trometer in selected reaction monitoring mode, monitoring for the
individual m/z (mass-to-charge) transitions for the perfluoroalkyl
acid and t.1C-PFOA surrogate.

CONSENTING PROCEDURES

Project data collection administered by Brookmar Inc, Park
ersburg, West Virginia, was conducted with the authority and
supervision of the Wood County, West Virginia, Circuit Court.
Brookmar Inc used a consenting procedure approved by par
ties to the Settlement that included language specific to the
Project's purpose and data collection procedures and the man
datory documentation requirements to demonstrate Class eli
gibility. All participants subrnnung a voluntary blood sample
completed the standard consent and release forms of the clini
cal laboratory contracted for phlebotomy. The Project group
at West Virginia University and the C8 Science Panel obtained
institutional review hoard approval from their own academic
institutions permitting access to anonymous Project data.

STATISTICAL ANALYSIS

The outcome variables were total-C. LDL-C, HDL-C, and tri
glycerides. For simplicity, the same covariables were consid
ered for all analytic models: age, sex (except for models strati
fied by sex), body mass index (BMI) z score, duration of fast
(in minutes), and whether the participant engaged m a regular
exercise program. Age was included as a continuous vanable
and as 2 strata (aged 1.0-11.9 year~ and 12.0-17.9 years) to as
sess possible age and developmental confounding. For all analy
ses using quantiles, grouping vvas established within age group
and sex, and so quantiles are age-group and sex specific. En
gagement in a regular exercise program was self-reported as part
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of the survey ("Do you engage in an exercise program?" with a
"Yes/No" response option), as were fasting status, height, and
weight. Analysesincluding triglycerideswere conducted foronly
those reporting a fast of 6 hours or more. The BMIz score was
calculated using Epi Info software, 2000 reference data set (Cen
ters for Disease Control and Prevention, Atlanta, Georgia).

Muluple linear regression was performed to assess for the
presence of an overall linear association between PFOAor PFOS
and lipids. Both PFOAor PFOSand the dependent variable-were
natural log transformed.

Genera'l linear model analysis of covariance was performed
to estimate predicted lipids (estimated marginal mean !EMMj)
alteradjustment forcovariables basedon increasingPFOAor PFOS
qumtiles. The serum lipid was defmed as the dependent vari
able, PFOA or PFOS qumule as a fixed factor, and the other in
dependent variables (age, sex, BMIz score, exercise, and fasting
status) as covariates.The covariable-adjustedEMMforeachquin
tile is presented graphically for the overall population (all age
groups and both sexescombined).The difference in thecovariable
adjusted EMM between the fifth and first quintile was estab
lished for each age and sex strata. To interpret the statistical
Significance of the trend in the quintile-based change in the
covariable-adjusted EMM,linear regression analysiswas used to
estimate the () coefficient (and corresponding P value) for the
PFOAor PFOSquintile, which is reported as a () for trend.

To assess the linearity or nonlmeanty of any association
between PFOA or PFOSand serum lipid levels,20-group quan
ules were detennmed and the population median foreach group
was calculated. General linear model analysis of covariance was
again used to determine the covanable-adjusted EMMfor each
quantile, which was planed against its PFOAor PFOS median.

Binary logisticregression analysiswasperformed toassess the
odds ofabnormal lipids with increasing PFOAor PFOSquintile.
For total-C. LDL-C,and triglycerides,categorizationasabnormal
was based on American Heart Association-endorsed cutoff val
ues for "borderline" or "high" in children (total-Ce l Zumg/dl.,
lDL-C2: 110 mg/dL [to convert to millimoles per liter, multiply
by 0.0259], and triglycerides 2:150 rng/dl..19 For HDL-C,values
lower than 40 mg/dl, (to convert to millimolesper liter, multiply
by 0.0259) were classifiedas abnormal. logistic regressionanaly
siswasperformed using PFOAor PFOSquintiledummy variables,
in which the first quintile was considered the reference group.

Interaction between PFOAand PFOSwasdually assessed.Lo
gisuc regression analysis, with models otherwise constructed as
described previously, was performed Withthe PFOAquintile, the
PFOSquintile, and the product ofquintiles (interaction term) in
cluded in the analytic model. ThestatisticalSignificance of the in
teraction term (P for interaction) is reported. Logisticregression
analysis was also used to assess [or the presence of multiplicative
mteraction usingmodelsasdescribedpreviously. Four groupswere
created based on the PFOA and PFOSquintiles: group I (PFOA
first to fourth quintile and PFOSfirst to fourth quintile), group 2
(PFOA fifth quimile and PFOS first to fourth quintile), group
3 (PFOA first to fourth quintile and PFOS fifth quintile), and
group -+ (PFOA fifth quintile and PFOS fifth quintile). Logistic
regression was then completed using 3 dummy variables, in
which group I was considered the reference group.

Sensitivity analyses were conducted for the effects of fast
ing and socioeconomic status. Using models otherwise con
structed as described previously, multiple linear regreSSIOn was
performed for models with and without household income (di
chotomized at "';$30000/y or >$30000/y) and models ad
justed for fasting status or with only participants having com
pleted a fast of 6 hours or longer. The magnitude and statistical
significance of ()coefficients for the diflerent models were then
compared. BothPFOAor PFOSand the dependent variablewere
natural log transformed. Allanalyseswere performed using SPSS
statistical software (SPSSInc, Chicago, Illinois).

RESULTS

General characteristics of participants are reported in
Table 1. The mean (SO) age was 11.1 (4.5) years, and par
ticipation was similar across both sexes (48.9°,() girls and
51.0% boys; data missing for 6 participants [0.1%]). Of the
12 476 children and adolescents included m this study, more
than 10 000 (>80.0%) had perfluoroalkyl acid quantifica
tion and serum lipids available for analysis. Consistent with
US Census Bureau estimates for the area, 11894 (96.1%)
reported their ethnicity as white, 4406 (39.7%) were clas
sified as overweight or obese (2::85th BMI percentile), and
4576 (36.7%) reported having a regular exercise pro
gram. According to participant-reported residence at the
time of enrollment, a slightly higher proportion of partici
pants were from Ohio compared with West Virginia (6796
[54.5%J vs 5520 [44.2%], respectively).

Mean (50) total-Cwas 160.7 (29.3)mg/dL, with 65.8%
of values classified as acceptable « 170 mg/dL). Mean
(SD) calculated LDL-C was 87.3 (25.2) mg/dl., with 83.7%
of values classified as acceptable ( < 110 mg/dl.). Mean
(SO) HOL-C was 49.3 (11.3) mg/dl., 'with 92.2°,() of val
ues classified as ideal (2:35 mg/dl.) and 19.7% lower than
40 mg/dL. Finally, mean (SD) fasting triglycerides were
99.1 (56.0) mg/dl., with 85.6% of values classified as ac
ceptable (=::; 150 mg/dl.).

Mean (SO) serum PFOA and PFOS concentrations were
69.2011.9) ng/ml.and 22.7 (12.6) nglmL, respectively, with
serum concentrationsstatisticallysignificantlyhigherin boys
and younger children for PFOA and PFOS, particularly the
former. Consistent with the environmental (drinking wa
ter) contaminationand as previouslyreported,' 5serum PFOA
concentration for 12- to 19-year-olds in the Project popu
lation was substantially higher than the reported concen
tration for 12- to 19-year-olds in the 2003-2004 National
Health and Nutrition Examination Survey.lwhercas PFOS
concentrations were similar (29.3 ng/mL vs 3.9 ng/ml.and
19.1 ng/ml, vs 19.3ng/mL, respectively).

Results from regression analysis (notshown) demonstrated
that after adjustment forcovariables, total-C and LOL-C were
linearly and positively associated with PFOA and PFOS
(P < .001 for all models). Triglycerideswere also linearlyand .
positively associated with PFOA (P= .02) but not with PFOS.
The HOL-C was not linearly associated with PFOA but was
positively associated with PFOS. For linearregression mod
els and other analyses reported in this article, virtually all
covariables were statisticallySignificantly associated with the
dependent variable (not shown).

Associations between increasing PFOA and PFOS quin
tiles and the covariable-adjusted EMM of serum lipid lev
els are depicted in Figure 1. Total-C and LOL-C demon
strated a consistent increase for each increase in PFOA or
PFOS quintile: a 4.6-mg/dL and 3.8-mg/dL increase in the
covariable-adjusted EMM of total-C and LOL-C between the
first and fifth quintiles ofPFOA and an 8.5-mg/dLand 5.8
mg/dL increase in the covariable-adjusted EMM of total-C
and LOL-C, respectively, between the first and fifth quin
tilesofPFOS. Overall associations between PFOA and PFOS
and HO L-C and triglycerides were less clear,wi th no appar
ent association between PFOA quintile and covariable
adjusted EMM for HDL-C or between PFOS quintile and
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Abbreviations' 8MI,body mass index (calculated asweight in kilograms divided byheight in meters squared); HDl-G. hIgh-density lipoprotein cholesterol;
LDL-G, low-density lipoprotein cholesterol, PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonate; total-C. totalcholesterol.

Sl conversion factors: To convert HDL-G, LOL-G, and total-G to millimoies perliter, multiply by0,0259; fasting triglycerides to milhmoles perliter. multiply by0.0113
a Data arepresented asnumber (percentage) uniess otherwise indicated. Denominators varybecause of missing data, Percentages may nottotal100because of

rounding, arebased oncategory totals, and reflect the"valid percentage" (ie,missing data arenot included in thedenominator).
°n=6359,
cn=6111.
d N=12470 Data reguarding sex were rmssinq for 6 participants.

covariable-adjusted EMM for rriglycerides. There was asmall
increase in the covariable-adjusted EMM ofHDL-C and the
first to third quintiles of PFOS, but not for the third to fifth
quintiles of PFOS.

These associations are more fully characrenzed In

Table 2, which reports differences between the fifth and
first quintiles and 13 for trend for each of these age/sex
groups. For PFOA and total-C and LDL-C, there was a
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Figure 1. Changes in covariable-adjusted estimated marginal means (general linear model analysis) across peruuorooctanolc acid (PFOA) and perfluorooctanesulfonate
(PFOS) qurntites. A.Total cholesterol (total-C). B.High'density lipoprotein cholesterol (HDL-C). C. Low-density hpoprotein cholesterol (LDL-C). D.Fasting tnglycerides
lip'd values are presented asmean (SE). Toconvert total-C. HDL·C. and LDL-C tomillimoies perliter.multiply by0.0259; fasltng triglycerides to millimoles perliter.
multiply by 0 0113.

trend toward a larger increase in the covariable-adjusted
EMM in the younger compared with the older age group
(5.8 mg/dl, vs 4.2 mg/dL, respectively, for total-C and 4.9
mg/dL vs 3.2 mg/dl., respectively, for LDL-C) and in boys
compared with girls (withm each age group). The 13 for
trend for each of these age groups was statistically signifi
cant (P < .05). For PFOS, there was a trend toward a larger
increase in the covariable-adjusted EMM in older com
pared with younger age groups (9.5 mg/dl, vs 5.5 mg/dL,
respectively, for total-C and 7.5 mg/dL vs 3.4 mg/dl.,
respectively, for LDL-C) and a trend toward larger
increases for boys compared with girls (within each age
group). The 13 for trend for each of these age groups was
also statistically significant (P< .05).

In contrast, each 13 for trend for age group and sex strata
for the associations between PFOA and HDL-C and tri
glycerides was not statistically significant (except in 1
group), making differences in the covariable-adjusted
EMMdifficult to interpret. For associations between PFOS
and HDL-C. each 13 for trend was statistically significant
for boys and both sexes combined (but not girls) for both
age groups, although marginal increases in the covanable
adjusted EMMwere small (1.1-2.6 mg/dl.). Similarly,each
13 for trend for age group and sex strata for the associa
tions between PFOS and triglycerides was not statisti
cally significan t (except in 1 group), making differences
in the covariable-adjusted EMM difficult to interpret.

In Figure 2 and Figure 3, the covariable-adjusted
EMM for serum lipids for the 20-group quantiles ofPFOA
or PFOS are plotted against the median of PFOA or PFOS
for the quantile. For PFOA and PFOS, the results dem
onstrated a nonlinear association between increasing
PFOA or PFOS concentration and total-C and LDL-C
For PFOA, the largest increases in the covariable-ad
justed EMM of total-C and LDL-C were seen at the low
est range of PFOA concentrations; the slope attenuated
at higher serum concentrations. Although population
exposure and corresponding serum concentrations of
PFOS were lower, the relationship between increasing
PFOS quantiles and the covariable-adjusted EMM of
total-C and LDL-C was similar across the spectrum of
serum PFOS concentrations. The HDL-C level also
demonstrated a small, nonlinear association with in
creasing PFOS quantile.

Logistic regression results are given in Table 3. In
creasing PFOA and PFOS quintiles were positively as
sociated with an increased risk of abnormal total-C (ad
justed odds ratio, 1.2 195%confidence interval, 1.1-1.4J
and 1.6 11.4-1.91, respectively) and LDL-C (1.4 [1.2
1.7J and 1.6 [1.3-1.9J, respectively). Increasing PFOS
quintiles were also associated with decreased risk of low
HDL-C (adjusted odds ratio, 0.7195% confidence inter
val, 0.6-0.9]). Neither PFOA nor PFOS was associated
with an increased risk of abnormal triglycerides.
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0.1(0.2.): "
0.5:<(32);
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.007

.50
l .003

2.1 (0.3)
1.9 (OA)
2.1 (OA)

LDL~Cb,c

\310r'Trend\3
(SE.)

,.
, " ~,

>{',

1.0 (0:3) "

,001. 2.0:.:
..

2.0(1.3) .10
0.8(004) ;O~ 16.2 4.0(1.9) . .04
1.1 (004) .004 5.3 0.4(1:9) .80

0.7 (0:2) .004. 3,8' 1.5·(h}) .10
0.7(OA) .05 1.8 0,8,(1:4), .60.
0.7(0.3) .1)3 5.9, . 1,.4 (.1;:6) .1g,

0.9 (0.3) . .002 '. 2.8 0.\(1:4);" .99,
0.8(004) .04 7.6 0.6 (1.9) .70
0.9 (OA) .03 -1:4 -:0.3(2.0) .90

1.7 (0.2) <,001 . <1.0 -0.1 (1:0) .90
1.5(004) <.001 '~13A -3.0 (1.3) .02
1.8 (0.3) <.001 lJ.1 2.2(1.6) .20

Abbreviations. EMM, estimated marginal mean; GlM, general linear model, HOl-C, high-density lipoprotein cholesterol,lOl-C, low-density lipoprotein
cholesterol; PFOA, perlluorooctanoic acid; PFOS, pernuorocctanesunonate, total-C. totalcholesterol.

SIconversion factors: Toconvert HOl-C, lOl-C, and total-C to millimoles perliter, multiply by 0,0259; fasting triglycerides to millimoles perliter, multiply by
0.0113

'The first number is the totalfasting and nonfasling participants and sois thesample size for theanalyses ot total-C. HOl·C, and LOL-C; thenumber in the
parentheses is fasting participants onlyand so is thesample size for analysis of fasting triglycerides

bModels were adjusted lor age, estimated timeof fasting, body mass index zscore, sex, and regular exercise; sex-stratified models were notadjusted forsex.
CCalculated for participants witha tnglyceride level <400 mg/dL regardless of fasting status,
dDefined assell-reported fasting 26 hours before phlebotomy.

Results of analyses assessing interaction appear in
Table 4. For total-C. LDL-C,and triglycerides, results do
not support an interaction between PFOA and PFOSin the
prediction of these lipids. There is some evidence of mul
tiplicative mteraction between PFOA and PFOSin the re
duction of risk of low HDL-C (the odds ratio for group 4
exceeds the product of the odds ratios for groups 2 and 3).

Sensitivity analyses were conducted to assess the sta
bility of the association between PFOA or PFOS and lipid
levels after the inclusion of household income and for

fasting-only participants. Results (not shown) sug
gested that after adjustment for the same covariables, mod
els were stable and associations were unaltered. The posi
tive,statisticallysignificant association between both PFOA
and PFOS and total-C and LDL-C was not altered after
the inclusion of household income (a proxy for socio
economic status) or when analysis was performed only
on the subset of participants who had completed a fast of
6 hours or more. Likewise, the positive, statistically sig
nificant association between PFOA and fasting triglyc-
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Figure 2. Nonlinear changes mcovariable-adjusted estimated marginal means (general linear model analysis) across perlluorooctanoic acid (PFOA) 20-group
quantiles. Models were aciusteo for age, estimated timeof fasting, body mass index zscore, sex, and regular exercise. Upidvalues arepresented asmean (SE).
Values for PFOA arepresented asthemedian value lor thequantile group in question (axis truncated because of very large range in median values * PFOA serum
concentration) A.Total cholesterol (total-C). B.High-density lipoprotein cholesterol (HDL'C)' C, LOW-density lipoprotein cholesterol (LDL-G). D,Fasting
triglycerides Toconvert total-C. HDL·G, and LDL-G to millimoles perliter,multiply by0.0259; fastmg triglycerides to millimoles perIller,multiply by0.0113.

erides was not altered after the inclusion of household
income. Perfluorooctanesulfonate was not associated with
fasting triglycerides, with or without the inclusion of
household income. The association between PFOA and
HDl-C was not statistically significant, with or without
the inclusion of household income or for the fasting or
non fasting participants. The positive, linear association
between PFOS and HDl-C was statistically significant,
with and without the inclusion of household income and
for the fasting and nonfasting participants.

COMMENT

To our knowledge, this study reports the first assess
ment of associations between PFOA and PFOS and se
rum lipids in children and adolescents from the largest
community-based study of the effects of PFOA expo
sure to date. Across several types of analyses, results con
sistently provided evidence for a positive association be
tween PFOA and PFOS and serum lipids, specifically an
increase in total-C and LDl-C with increasing PFOA and
PFOS serum concentranons, Dose-response relation
ships were nonlinear, with larger increases in lipids at
the lower range of PFOA concentration in particular. Ad
ditionally. results suggested that the magnitude of asso
ciation between PFOS and total-C and lDL-C was higher

than that between PFOA and total-C and lDL-C. fi
nally, there was a statistically Significantly increased risk
of abnormal total-C and LDl-C with increasing PFOA
and PFOS serum concentrations.

Results reported in this article are consistent with those
of previous studies in adults, which have generally shown
a trend toward a positive association between PFOA and
cholesterol. Our observations are also consistent with a
study of adults (~I8 years) from the same Project popu
lation, in which authors reported an 11- to I2-mg/dl in
crease in total-C from the lowest to highest decile of se
rum PFOA (vs our finding of a 4.6-mg/dL increase from
the lowest to highest quintile) and a corresponding 8
to 9-mg/dl increase in lDl-C (vs 3.8 mg/dl, reponed m
this article), and a 10- to l z-mg/dl, increase in toral-C
from the lowest to highest decile of serum PFOS (vs our
finding of an 8.5-mg/dl increase from the lowest to high
est quintile) and a corresponding 11- to l2-mg/dL in
crease in LDl-C (vs 5.8 mg/dl, reponed in this article)."

Evidence from animal studies has suggested that acti
vation of PPAR-o: is an important mechanism through
which PFOA and PFOS exert biological effects, although
it is unclear whether this animal-based evidence can be
extrapolated to humans. The elimination time for PFOA
and PFOS in humans is substantially longer than in ro
dents, resulting in a longer duration to reach a steady-
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Figure 3. Nonlinear changes in covariable-adjusted estimated marginal means (general linear model analysis) across perfluorooctanesulfonate (PFOS) 20-group
quanliles. Models were adjusted for age, estimated limeof fasting, bodymass index zscore, sex, and regular exercise. Lipidvalues arepresented asmean (SE)
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Table 3. Risk ofAbnormal Blood Serum lipids (Logistic Regression Aml'lysis) Based on'lncreasing Pf~A<~n~ PFOS QUirim~s
, . ~~ .~,

Odds Ratio(~5%CoJllfdencelnlerval) ,""

Tolal-C'
..

Lot-C',])
..; ". J

Quinlile HOl·C'. Fasl!ng Triglycerides·"c

PFOA '.
~\j,

: ..'

First 1.0 [Reference] 1.0 [Refere!1cej : l;OlJleference] to [Reference)
• Second' 1,.1 (1,0-1.3) 1.0(0.8;1:2) ,l;g (rO-1.?). l,q;{O:7-1:5)
Third 1.2(l,O-lA) 1.0(0.8-\2) , 1'.2 (1.0:1 A) n(0.9-l.9)
Fourth 1,2;(1.H4)' . 1.0,(0.9-1~2) , -1.2 (1,0'f;4) 1.&(1.1-2.3)
Fifth 1;2(1.1-1;4) 0:9io.8-1:1}· lA (1.2~H) 1.0(0.7-1.6)

,PFOS
'1:0 [Refereri?e} 1.0 [Reference]First 1.0 [Referimce} 1,0.[Reference]

Second 1.3(1.1-1,4) .0.9 (M·1.1) .1.2 (1 :0::1:5) 1.3 (0.9:1.8)
Third 1.3(1.2-l.5) 0,.8 (O.HO) 1,2 (1.0-1'.5). . .1.0.(0.7-1.4)
Pourtn 1.3(t:2-1.6) 0.8(0.7-0:9) 1.3{U':Mt, ; J~l (0.721:6) .
Filth 1.6(1.4-1.9) 0.7(O.6-0:9} 1.6(1.3-1.~) <ti,2:(0.8-1:5) '.

Abbreviations: HDl-C,high-density lipoprotein cholesterol; LDL·C, low-density lipoprotein cholesterol; PFOA, perfluorooctanoic acid;
PFOS, perlluorooctanesulfonate; total-c. totalcholesterol

aModels were adjusted for age, estimated timeof fasting, bodymass index zscore, sex, and regular exercise.
bCalculated for participants witha triglycende level <400 mgldl (to convert to rmllimoles per liter, multiply by0.0113) regardless of fasting status.
CDefined asself-reported fasting ;,-,6 hoursbefore phlebotomy.

state dose.:" In addition, PPAR-o: is expressed m human
liver tissue at approximately 10% of rodent levels, and hu
mans and other primates are refractory or less responsive
to PPAR-o: agonists compared with rodents." Thus, as-

sociations reponed in this article are etiologically plau
sible if a non-PPAR-o: mechanistic pathway operates in
humans in addition to or instead of a PPAR-o: pathway;
some studies of humans and other primates have re-
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Table4~,Ass~si~ell~~ofl~~~r~~,i!~9i(~o'9illli~;~~\~f~~~9 '
" ,J' <:-. .-: ',~ "~. "r~,l-,~".;,... "";',, ¢., , '(r,,~v'4%'i;"""'t~~;

" Quintile
, Group '1 d

Group',2e

, Group:;lf
'Group\,40 , ",', <?
P for irM(a~~iori; ';'

Abbreviations' HDL-C. high-density lipoprotein cholesterol; LDL-C, low-density Iipoprotem cholesterol; PFOA, pernuorooctanoc acid; PFOS, perfluorooctanesulfonate;
total-C. totalcholesterol.

aModels were adjusted for age, estimated time of fasting, body mass moex z score. sex, and regular exercise.
bCalculated forparticipants withtriglycerides <400 mg/dL (toconvert to millimoles per liter, multiply by0.0113) regardless of fasting status.
CDefined asself-reported fasting ~6 hours before phlebotomy
d PFOA nrstto fourth qulnnle and PFOS firstto fourth qumnle.
ePFOA fifthqunnle and PFOS first tofourth quinlile
fPFOA first to fourth qumtue and PFOS fifthqUintile,
9PFOA fifthquinlile and PFOS IIfthquintile.

ported Iipidemic effects through non-PPAR-o:-depen
dent mechanisms."

The nonlinear nature of the observed associations, par
ticularly for PFOA, suggests a possible saturation point in
an underlying physiologic mechanism. Furthermore,
whereas serum PFOA levels m this study population ex
ceeded levelsfrom a nationally representative sample, PFOS
levels were similar (as explained previously). Regardless,
the magnitude of the observed associations between PFOS
and toral-C and LDL-C were similar and in some in
stances larger compared with those observed with PFOA.
Thus, PFOA and PFOS specifically, and possibly perfluo
roalkyl acids as a general class, appear to be associated with
serum lipids, and the association seems to exist at levels
of PFOA and PFOS exposure that are in the range char
acterized by nationally representative studies.

The strengths of this study include the large sample
size and participation rate (and consequent ability to ex
amine associations in different age groups and in both
sexes) and the replication in children and adolescents of
observations made in adult populations. The replica
tion of observations in a sample free from some factors
that can confound associations in adult samples contrib
utes additional strength to our observations. Confound
mg on the basis of sex or developmental effects was con
trolled through stratification, but the prevalent design of
the Project did not permit assessment of the effects of cu
mulative exposure nor of the residual or persistent ef
fects of prenatal exposure. The long-term health conse
quences of elevated serum lipid levels in the ranges
observed in this study (3.0-10.0 mgldL) are unclear.

The cross-sectional nature of this study is an acknowl
edged weakness; thus, causal inference is limited. Addi
tional potential limitations include self-reported survey
data, limited availability of covariables known to be as
sociated with lipids, and uncertainty of fasting status for
the analysis of triglycerides.

Studying the suscepnbility of children and adoles
cents to these chemicals has been identified as a particu
lar data need and research pnority." We have previously
reported aU-shaped pattem in serum concentrations of
PFOA in boys and girl'> and of PFOS in girls in this popu-

lation (ie, serum concentrations were higher in younger
age groups, decreased into early to middle adulthood. and
increased again through adulthood)." Furthermore, the
effects of perfluoroalkyl acids on developing physiologic
systems or of sustained, long-term exposure are un
known. The large sample size m this study and findings
consistent with results from adult occupational and larger
community studies support a strong need to prioritize re
search regarding the effects of perfluoroalkyl acids in chil
dren and adolescents to assess whether the clear associa
tions reported in this article are etiologic.

In conclusion, although the epidemiologic and cross
sectional nature of this study inherently limits causal in
ference, the consistently observed associations between
increasing PFOA and PFOS serum concentrations and
elevated total-C and LDL-Cwarrant further study. Should
the association prove to be eriologic, the cumulative ef
fects of such an elevation in cholesterol on long-term car
diovascular health are unclear given the early age at which
these associations were observed.
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